Variants of a methicillin-resistant Staphylococcus aureus showing loss of or reduced resistance to the antibiotic were isolated at frequencies of O~l -l O O~o from cultures which had been starved, grown at elevated temperature, or given small doses of UV radiation. Three types of variant were identified on the basis of population distribution of resistance to the antibiotic, and field-inversion gel electrophoresis of digests of the chromosome cut with the rarecutting restriction endonuclease SmaI. Type I variants are methicillin-sensitive and have a deletion in the rnec region of the chromosome. Type I1 variants have reduced methicillin resistance and rearranged DNA elsewhere in the chromosome. Type I11 variants show reduced methicillin resistance and no detectable change in the chromosome. Type I deletions were mapped using cloned fragments from the rnec region. In 13 of the 16 independently isolated deletion mutants, one of the deletion endpoints appears to correlate with the positions of insertion sequences or transposons found in this region of the staphylococcal chromosome.
Introduction
Methicillin resistance in Staphylococcus aureus is encoded by the chromosomal gene rnec, whose product is an altered penicillin-binding protein PBP' (Hartman & Tomasz, 1984) . Some multiresistant S . aureus strains of Australian origin carry this locus, plus closely linked chromosomal loci encoding resistance to a range of other antimicrobial agents (Gillespie et af., 1987; Inglis et al., 1988) . We previously described a methicillin-sensitive mutant ANS62 with a deletion in this region of the chromosome and its use in cloning 40 kb of chromosomal DNA from ANS46, the resistant wild-type (Matthews et af., 1987) . The deleted DNA (present in ANS46, absent in ANS62, and comprising a large part of what we shall refer to as the rnec region, Fig. 1 ) encodes resistance to tetracycline, mercurials and cadmium ions as well as to methicillin Skinner et al., 1988; Matthews et al., 1990) . The resistance determinants for the mercurials and for tetracycline are flanked by direct repeats 790 bp long which are virtually identical to IS257 (Gillespie et al., 1987; Matthews et al., 1990) , an insertion sequence previously identified as occurring commonly in staphylococcal plasmids. This tetracyclineresistance gene is on a section of DNA which appears to be an intact plasmid closely related to pTl8 1 (Gillespie et al., 1986) , while the mercury-resistance determinant in the rnec region has features similar to the determinant found on heavy-metal-resistance plasmids (Gillespie et al., 1987) . In addition-to these resistance determinants, the macrolide-lincosamide-streptogramin B (MLS) resistance transposon Tn554 lies adjacent to the left boundary of the rnec region, and another, modified copy of this transposon (+554) is found within and near the right boundary (Dubin, 1990) .
Genetic mapping by other workers suggests that additional resistance determinants may occur in the mec region of the chromosome. A tobramycin-resistance gene aadD has been identified approximately 3 kb from rnec in Japanese and US isolates (Ubukata et al., 1989) and the nov locus (novobiocin resistance) is a marker in this region of the S . aureus chromosome (Stahl & Pattee, 1983) . The structural gene for protein A (spa), which is believed to play a role in staphylococcal virulence, is also located in the mec region (Pate1 et al., 1989) .
In this paper, we describe the loss of DNA from and around the rnec region of the chromosome of S. aureus. The deletions occur frequently in cultures which have been starved, grown at elevated temperature, or given small doses of UV radiation. Earlier workers (Annear & Grubb, 1976) recorded a loss of methicillin resistance in aged S. aureus cultures. We have mapped these chromosomal deletions, using field-inversion and standard electrophoresis of endonuclease-digested DNA, and by probing these digests with cloned sequences from the rnec region.
Methods
Culture methods. Cells were grown in and stored on Luria or trypticase soy broth and agar. UV irradiation was carried out using a Philips TUV30W G30 T8 UV tube, placed 60cm from a cell suspension (lo9 c.f.u. ml-l in saline) prepared from an overnight broth culture.
Strains and selection of variants. The S. aureus strain used in this study was ANS46, a phage group I11 strain isolated in a Melbourne hospital in 1982. It is resistant to methicillin, kanamycin, tetracycline, chloramphenicol, erythromycin, trimethoprim, streptomycin, novobiocin, and mercuric and cadmium ions; it is sensitive to rifampicin and vancomycin. The chloramphenicol marker is carried on a plasmid (4 kb). The heterogeneous nature of the methicillin resistance phenotype of ANS46 is described by Heneine & Stewart (1986) and Inglis et al. (1988) , and in the Results section below. Strain ANS62 was derived from ANS46 by acriflavin treatment; it is sensitive to methicillin, tetracycline, and to mercuric and cadmium ions, and has a chromosomal deletion of approximately 40 kb. The molecular and genetic characterization of this deletion, and the cloning of fragments of the chromosome surrounding and including the mec locus of ANS46, are described by Matthews et al. (1987) , Inglis et al. (1988) and Skinner et al. (1988) . Fragment MA13 was cloned using the overlapping fragment MA8 (Fig. 1) . S. aureus ISP384 (strain 8325 pI524 pig 131) was obtained from Dr P. A. Pattee, Iowa State University, USA.
Methicillin-sensitive variants of ANS46 were detected by replica plating or picking colonies from trypticase soy agar (TSA) to TSA plus 10 pg methicillin ml-I ; plates were incubated at 37 "C for 2 d before scoring for growth. Methicillin-sensitive clones were then tested for other antibiotic resistance markers by plating onto TSA containing tetracycline (40 pg ml-l), mercuric chloride (50 pg ml-l) or cadmium chloride (50 pg ml-l).
The prefixes used for methicillin-sensitive variants of ANS46 are : S and V, from stabs stored at room temperature for 1 or 3 years; T, from broth cultures grown at 42-45 "C; Q, from broth cultures grown for 2-8 weeks at 37 "C.
Analysis o f D N A . Preparation of chromosomal DNA, digestion with restriction endonucleases, separation of fragments by gel electrophoresis, and Southern blotting and probing of filters were carried out as described previously .
Field-inversion gel electrophoresis (FZGE). Cells were embedded in agarose, cell walls digested, and DNA cut with endonucleases as described by Smith et al. (1986) , with the following variations appropriate to S . aureus: 150 pl plugs containing 6 x lo8 cells (corresponding to approx. 2 pg DNA) were prepared using 0.5% lowmelting-point agarose (Sea Plaque, from FMC Bioproducts, Rockland, Maine, USA); the cell-wall digestion mixture contained 50 pg lysostaphin ml-l in addition to lysozyme. Cellular DNA in half a plug was digested with 10 units of SmaI, then inserted into a 1 % (w/v) agarose gel and electrophoresis carried out at 14 "C with recirculation of the Tris/borate/EDTA buffer. Uncut Saccharomyces cerevisiae AH22 chromosomes and A cI857S7 concatemers were used as molecular size markers.
The FIGE system (Carle et al., 1986 ) was driven by a Biorad Pulsewave 760 with programming block to give a switching interval ramp beginning at 0.5 s (forward pulse) and proceeding to 20 s in 20 h, then to 60 s in a second 20 h period, with a ratio of forward to reverse pulse of 3 : 1 and a voltage of 150 V (4.4 V cm-l). Following electrophoresis, gels were stained with ethidium bromide (1 pg ml-l) and photographed over a UV transilluminator.
Southern blotting and probing of DNA from FIGE gels was carried out as described previously except that the DNA was depurinated by two 15 min washes in 0.25 M-HCl, the time for transfer of DNA from gel to nitrocellulose was extended to 24 h, and after hybridization of probe and washing, filters were exposed to X-ray film for 1-3 d at -70 "C using intensifying screens.
Methicillin resistance in variants isolated from physiologically stressed cultures
The deletion of mec and associated DNA from strain ANS46 to generate strain ANS62 was achieved by treating a culture of ANS46 with an inhibitory concen- Fragments h, k, I and n appear to be doublets according to the intensity of ethidium bromide staining; k and I have each been resolved into two bands in other experiments (see Fig. 5 ). A seventeenth fragment (4) of approximately 10 kb has also been identified, but fragments of this size or smaller are not routinely seen under the FIGE conditions represented here. Band a always stained less intensely than expected; failure to bind ethidium bromide to the same extent as other fragments may be due to a structural difference in this fragment. ANS46 probed with MA1 1 shows hybridization with bandg. ANS46 probed with MA13 shows strong hybridization with the MA13 fragment in band i and weaker hybridization to other bands carrying copies of Tn554 and to band g carrying copies of IS257. A faint band seen with both probes at approximately 240 kb may be the result of incomplete digestion; it is not regularly observed. shows two faint bands between bands a and b in this figure; these were shown to be bands of a minority of cells, presumably of preexisting type 11, in the ANS46 population. Strain ISP384, an 8325 type, is also shown. tration of acriflavin . Methicillinsensitive colonies occurred at a frequency of approximately one in three thousand, suggesting that such deletions might occur relatively frequently. Subsequently, cultures of ANS46 which had been stored in agar stabs at room temperature for approximately 3 years were plated for single colonies which were then tested for growth on Luria agar containing 10 pg methicillin ml-1 ; approximately 6% of the clones examined were unable to grow (methicillin sensitive), and a further 24% showed reduced growth. Stabs held for a year at room temperature yielded approximately 2 % methicillin-sensitive variants, while cultures starved by incubating for 3 and 8 weeks in shaken broth at 37 "C yielded 0.5% and 6% methicillin-sensitive cells respectively. Increasing the temperature of shaken broth cultures to 42-45 "C increased the proportion of sensitive cells to 2% after 3 weeks. In one experiment, the frequency of isolation of sensitive clones was 100% after 8 weeks at 44 "C. Shortwavelength (254 nm) UV irradiation of cell suspensions (viable cell number reduced by 90%) resulted in the recovery of approximately 0.1 % methicillin-sensitive clones among the survivors. Stock cultures of ANS46 and ANS62, stored in broth/glycerol mixtures at -20 "C or -70 "C for more than 5 years, did not yield variants with altered resistance phenotype.
Independent loss of resistance to other antimicrobials encoded in the rnec region also occurred frequently. We therefore examined the chromosomal DNA of the variants, to determine whether changes in resistance phenotype were related to changes in the rnec region.
Molecular changes in the rnec region of ANS46 variants with altered rnethicillin resistance
To investigate the molecular basis of the high-frequency loss of methicillin resistance, chromosomal DNA was examined by FIGE and Southern hybridization. When chromosomal DNA from ANS46 was digested with SrnaI and fractionated by FIGE, 16 bands were seen in the ethidium-bromide-stained gel (Fig. 2, A) . A blot of this DNA probed with MAll (which carries the rnec gene of ANS46, Fig. 1 ) revealed hybridization with fragment g (Fig. 2, C) , indicating that the rnec gene is located in this fragment. Probing with MA13 (which carries part of the MLS resistance transposon Tn.554; Fig. 1 ) showed strong hybridization with fragment i (Fig.  2, B) , indicating that the copy of Tn554 in the rnec region is in this fragment. Fainter hybridization seen with bands a and b is the result of hybridization with additional copies of Tn554 in ANS46 (Dubin, 1990) . Faint hybridization is seen with band g, probably due to the presence of IS257, part of which is present in the MA13 probe. The SrnaI site dividing fragments g and i lies within the rner gene (Fig. 1) .
Chromosomal DNA from a selection of variants of ANS46 with lost or reduced methicillin resistance was digested with SmaI and fractionated by FIGE (Fig. 3) . Three types of variant were seen. Type I variants are those, similar to ANS62, in which fragment g (145 kb) was always lost; commonly also fragments d, i, o and p were affected, as is discussed later. Type I1 variants are those in which the largest fragments (a, b) were always involved, with other fragments sometimes affected (e.g. j ; data not shown). Type I11 variants are those in which no change in chromosomal fragments was seen. Strain 8325, whose chromosome has previously been mapped using SrnaI (Pate1 et al., 1989) , was included in the gel shown in Fig. 3 for comparison; it clearly differs from ANS46 -the five largest fragments are of different sizes in the two strains.
A population analysis of the methicillin resistance of representatives of these three types compared with ANS46 and ANS62 is shown in Fig. 4 . Type I variants behave like ANS62: they show a homogeneous loss of methicillin resistance, with all cells sensitive to 3 pg ml-1 methicillin. Types 11 and I11 show different levels of reduced resistance compared to ANS46, and both show heterogeneity, viz. a sharp drop in viable count with 3 pg methicillin ml-l, but surviving fractions of 5 x lo-' (type 11) and 8 x loA8 (type 111) at 100 pg methicillin ml-l).
Extent and location of deletions in type I variants
Examination of SmaI-digested DNA from 16 independently isolated type I variants by FIGE and Southern hybridization indicated a range of types and sizes of deletions involving fragment g, which carries the rnec gene and most of the rnec region. Fig. 5 shows FIGE analysis of representative examples of these variants. The positions of missing and newly-formed fragments seen in ethidium-bromide-stained gels are indicated (Fig. 5a) , and deletion sizes were estimated by comparing the sizes of these. In some cases a missing band was replaced by a smaller band, e.g. T7 (lane 3) has lost band g (145 kb) and gained a band smaller thanj (80 kb); thus T7 has a deletion of 65 kb. If two bands have been replaced by a third, then it is assumed that a single deletion spans the SrnaI site linking the two original fragments; e.g. T43 (lane 7) has lost bands g (145 kb) and i (1 10 kb), and gained a band of 195 kb between e andf, so it is presumed to have a deletion of 60 kb.
Blots prepared from these gels were probed with cloned fragments MAll (not shown) and MA13 (Fig.  5 b) . No hybridization occurred with MA1 1, confirming that all type I variants have deletions which include the rnec gene. Hybridization with MA13 was seen for fragment i (e.g. S10; Fig. 5b, lane 2) or the newly-formed fragment (e.g. T43, lane 7); some variants, e.g. V5 (lane 10) showed no hybridization with MA13 (other than the faint hybridization with bands a and b referred to earlier), indicating that the deletion extended leftward beyond Tn554 (Fig. 1) .
Examination of DNA from type I variants cut with Hind111 and probed with cloned fragments from the mec region allowed the deletion points to be mapped more precisely. No variant DNA hybridized with MA14 (segment near the right boundary of the mec region, Fig.  l) , indicating that all deletions extend beyond this point (data not shown). Probing with MA1 3 (Fig. 6) shows that in ANS62 (lane 5 ) sequences corresponding to the right side of MA13 (2.7, 0-9 and 0.7 kb bands) are missing, whereas that on the left side (7.9 kb) is present. Thus, the left deletion boundary of ANS62 lies within MA13. As noted earlier, probing with MA 13 is complicated by the presence in it of part of the MLS transposon Tn.554 (Dubin, 1990) , and the resultant hybridization with copies of this transposon present elsewhere in the ANS46 chromosome (6-9 kb band, lane 4). V5, another type I strain (Fig. 6, lane 2) does not contain any of the four bands of the MA13 fragment, showing that the deletion boundary in V5 is further leftwards than in ANS62. Probing of BgZII digests was also used to confirm the location and extent of the deletions. (Fig. 6) .
Resistance phenotypes of variants with altered resistance to mercury, tetracycline, methicillin and cadmium ions (Fig. 7) gave further indication of the position of the leftward deletion endpoint; e.g. the left deletion bound- A summary of the molecular and genetic analysis of all deletion mutants examined is shown in Fig. 7 . The deletion map has been extended rightward on the basis of the changes to fragmentsf, o and d (fragments o andp are not visible in Fig. 5 ). Deletion mutant Q3 has lost five fragments (d, g , i, o andp); this is assumed to be the result of a single deletion spanning these five fragments. Fragments o and p are placed between g and d and in the order shown in Fig. 7 because deletion mutant S10 has lost g and p, but retains o and d.
The data indicate that the leftward deletion endpoints in the mec region of the ANS46 chromosome are not randomly distributed, but cluster at or near map positions 105 kb (e.g. T43), 115 kb (e.g. Q14) and 120 kb (e.g. T39), which are all at or near copies of IS257. In ANS62, the leftward deletion point appears to be close to the Tn554/att155 transposon attachment site at 100 kb (Matthews et al., 1990) , and the rightward point near 140 kb, a ll/Tn554 attachment site (D. T. Dubin, personal communication) .
The positions of the rightward deletion points are less certain, since they were determined only on the basis of estimates of fragment sizes, and not by specific probe analysis.
SmaI digests of type I1 variants fractionated by FIGE and probed with MA1 1 and MA1 3 showed the same pattern of hybridization in the mec region as ANS46. The changes in fragments a and b (Fig. 3) indicate that changes have occurred elsewhere in the chromosome. HindIII and BglII digests probed with cloned fragments of the mec region gave the same hybridization patterns as ANS46 (Fig. 6, lanes 1 and 7) . Type I11 variants were not found to differ from ANS46 when SmaI (not shown) and HindIII and BglII digests (Fig. 6, lanes 3 and 9) were probed with any of the cloned fragments outlined above.
Discussion
The FIGE technique permits resolution of large fragments of DNA generated by using rare-cutting endonucleases, and thus chromosomal organization can be analysed in a way that has not been possible before (Smith et al., 1986 ). Pate1 et al. (1989 have described the application of FIGE to the physical and genetic mapping of the protein A gene, spa, in S. aureus strain 8325, locating it on their fragment G (175 kb). This part of the chromosome also carries the insertion site for Tn4291, a transposon carrying rnec (Trees & Iandolo, 1988) . The analysis of Patel et al. (1989) predicts that in strains of S. aureus 8325 resistant to methicillin, rnec would be found on the equivalent of fragment G. We included a (methicillin-sensitive) derivative of strain 8325 in our FIGE analysis (Fig. 3) , but the numerous differences shown by FIGE between this strain and ANS46 make comparisons difficult. We are presently carrying out more detailed mapping of the ANS46 chromosome which should permit more precise comparison with 8325.
The FIGE data show that methicillin sensitivity of type 1 variants correlates with deletion of the rnec gene. Other variants with changed methicillin resistance do not show this loss. Type I1 variants have undergone rearrangement in fragments a and b, so it is possible that their reduced methicillin resistance is correlated with changes in the fern gene, a locus required for the expression of rnec (Berger-Bachi et al., 1990 ) that is located in fragment a (B. Berger-Bachi, personal communication). Type I11 variants show no chromosomal changes compared with ANS46; their reduced methicillin resistance may be due to point mutations or other sequence changes in the rnec or fem region not detectable by FIGE analysis.
The FIGE data also permit the size of the genome of ANS46 to be estimated as 3150 kb, assuming that the bands h, k, 1 and n are doublets (Fig. 2) . This compares with an estimate of 2868 kb for strain 8325 from the data of Patel et al. (1989) , assuming that their K and L fragments represent doublets as seen on our FIGE gel. This difference in size is due in part to Patel et al. (1989) not reporting bands smaller than 35 kb, and in part may represent DNA inserted into the rnec region of the chromosome of ANS46, or prophage DNA in the chromosome. Our results show that up to 250 kb can be deleted from the mec region (Fig. 7) , and if this should correspond to the amount which was originally inserted, then the genome sizes of strains ANS46 and 8325 are equivalent within the limits of error of the FIGE method.
The mec region of the chromosome of strain ANS46 carries a cluster of at least seven genes encoding resistance to different antimicrobial agents, together with four copies of the insertion sequence IS257. The mec region is thus an important repository of resistance determinants in this strain of S. aureus. It may also be a source of novel transposable sequences (created by duplication of IS257 sequences flanking a resistance marker) or a site for duplication or deletion of chromosomal DNA (because these copies of IS257 are directly repeated; Anderson & Roth, 1977) .
The genetic basis for the accumulation of resistance determinants and insertion sequences in the rnec region of the staphylococcal chromosome might be explained as follows. Firstly, the region may have been created by the insertion of a plasmid which had previously assembled these resistance genes and insertion sequences. Large staphylococcal plasmids carrying multiple resistance genes and insertion sequences such as IS256 and IS257 have been described Skurray et al., 1988) . A role for insertion sequences in moving resistance genes between replicons is strongly implied by the apparent evolutionary relationships among these plasmids even though transposition of particular genes has not been readily demonstrable (Gillespie et al., 1987 ; . The duplication of rnec and its associated copy of IS257 in the chromosome during growth in high concentrations of methicillin , and the transposition of the rnec gene from the chromosome to the plasmid pI254 during transduction (Trees & Iandolo, 1988) , may represent examples of such rearrangements promoted by IS elements.
Secondly, features of this region of the chromosome might have promoted recombination by providing target sequences for homologous recombination or for transposon insertion. Insertion sequences or transposon attachment sites might function as target sequences in sensitive strains, which could provide the recombinational sites for resistance genes coming into the cell on plasmids, phages or conjugative transposons.
The instability of the rnec region in cells which have been stressed may be due to a reversal of the same processes of recombination or transposition which resulted in the accumulation of resistance genes in the first place. The original gathering of resistance genes probably took place under conditions of selection by antibiotics and antiseptics (as would occur in a clinical setting); the reverse process, resulting in the deletion of unneeded genes, may be stimulated in environments where antimicrobial agents are absent, and where physiological stress (e.g. nutrient limitation, supraoptimal temperature, UV irradiation) selects for variants which carry fewer genes. The resultant deletion mutants may be the outcome of selection for cells which have shed excess genetic material. This facile loss of resistance genes from the chromosome may have important implications for the ways in which antimicrobials are used in clinical environments, and the way in which likely reservoirs of multiresistant staphylococci might be controlled or depleted.
It will be of considerable interest to know whether cells with part or all of the rnec region deleted retain a propensity to accumulate new resistance genes into the same region of the chromosome, under appropriate selection pressure. If so, these may be particularly hazardous strains in clinical environments, since in such sensitive strains the transfer and fixing of resistance genes may occur very rapidly. A search for the predisposing factors which facilitate the accumulation of resistance genes in clusters such as that described here may be as revealing and useful as the search for and characterization of resistance genes themselves.
